Twenty-six fungal cultures, including ten Caldariomyces ( = Leptoxyphium) cultures and five other capnodiaceous fungi, were examined for extracellular chloroperoxidase production on four growth media. Only the Caldariomyces cultures produced enzyme activity and enzyme production was highest on growth in a phytone medium. Chloroperoxidase was partly purified from the ten Caldariomyces cultures. All preparations were glycoproteins, with different carbohydrate content. The absorption spectra of the ten samples were indistinguishable and this was reflected in similar Rz (A403/A280) values. SDS-PAGE revealed two major bands of protein in all preparations but in different proportions : staining for carbohydrate confirmed these bands to be glycoproteins. PAGE at pH 3 showed each preparation to be composed of several isoenzymes and these could be grouped according to their migration patterns. Kinetic constants, where determined, and pH optima showed no differences among the ten preparations and all exhibited catalase and peroxidase activities in the same relative proportions to chlorinating activity.
I N T R O D U C T I O N
Chloroperoxidase (chloride peroxidase, EC 1.1 1.1.10) is an extracellular haem glycoprotein produced by the imperfect fungus Caldariomyces fumago, from which it has been crystallized and characterized . The enzyme catalyses the formation of a stable carbonhalogen bond with chloride, bromide and iodide, and under appropriate conditions can catalyse the formation of heterogeneous organic dihalides (Geigert et al., 1983a, b, c; . It also has a potential commercial use in the production of alkene oxides, the precursors of various plastics (Eveleigh, 198 1) .
In the reduced (Fe2 +) form and in the presence of carbon monoxide, the absorption spectrum of chloroperoxidase reveals a striking resemblance to that of cytochrome P-450,,,. As such it has been used as a model system for the study of structural properties unique to cytochrome P-450 and the molecular mechanism of peroxidase enzymes (Hollenberg & Hager, 1973; Remba et al., 1979; Palcic et al., 1980; Araiso et al., 1981; Lambeir et al., 1983) .
Most chloroperoxidase studies have been carried out on the enzyme produced by C. fumago ATCC 16373 (Hollenberg & Hager, 1978) while some were performed on the enzyme from C . fumago CMI 89362 (Shaw et al., 1959; Sae & Cunningham, 1979) . In most cases the fungi have been grown in the modified Czapek-Dox medium of Clutterbuck et al. (1940) supplemented with malt extract (Hollenberg & Hager, 1978) or with yeast extract Sae & Cunningham, 1979) . More recently a defined medium containing fructose as the carbon source has been shown to support good enzyme production by both strains (Pickard, 1981) . A number of related Caldariomyces (= Leptoxyphium) cultures were also found to produce enzyme activity when grown on the glucose/malt extract medium, but at a much lower level (Pickard, 1981) .
In an early study of chlorine metabolism by moulds (Clutterbuck et al., 1940) , five organisms (6300 units) (Glusulase, Endo Laboratories, NY, USA) were added and the dispersed mycelial fragments were incubated with shaking for 30 min at 30 "C in the presence of 2-mercaptoethanol(lO mM final concentration). The mycelial suspension was then sonicated for 6 x 20 s, with cooling using a Branson sonifier, which, as judged by microscopic examination, produced greater than 50% cell breakage. Enzymes assap. Chlorinating activity was assayed by the chlorodimedone method of Morris & Hager (1 966) as described previously (Pickard, 198 1) . Peroxidase activity was determined by the kinetic assay of o-dianisidine oxidation at 460 nm (Worthington Enzyme Manual, 1972) , but in 50 mM-phosphate buffer pH 3. Catalase activity was assayed spectrophotometrically by following the loss of absorbance at 240 nm (Beers & Sizer, 1952) , also at pH 3.
Prorein determinarions. During enzyme purification, protein content was monitored using the A280,'A2b0 ratio method of Warburg & Christian (1941) . Purified samples were analysed by the Lowry method.
Enzyme purification. Chloroperoxidase was purified essentially as described by Hollenberg & Hager (1978) with modifications (Pickard, 1981) . Column chromatography was carried out first on DEAE-cellulose (DE52, Whatman) using a phosphate gradient, followed by gel filtration on BioGel P-60 in 50 mM-phosphate buffer pH 5 . Samples were stored at -20 "C in 50 mM-phosphate buffer pH 5 between stages and after purification.
Carbohydrate determinations. Free and bound carbohydrate was determined by the phenol/H,SO, method of Dubois ef al. (1956) using arabinose as the standard, since arabinose is the major carbohydrate component of the glycoprotein .
Gel electrophoresis. Gel electrophoresis under denaturing conditions (SDS-PAGE) was carried out as described by Laemmli (1970) . Electrophoresis at pH 3 was performed in glycine/H,PO, as described by Pickard & Hashimoto (1982) . Periodate-Schiff staining of SDS gels was by the method of Fairbanks et al. (1971) .
RESULTS A N D DISCUSSION
Survey of fungal cultures for enzyme production Of the twenty-six fungal cultures examined, only the ten Caldariomyces (= Leptoxyphiurn) strains produced chloroperoxidase. These ten cultures produced different levels of extracellular activity depending on the growth medium employed (Table l) , the activity being generally highest in the fructose/phytone medium and lowest in the defined fructose/salts medium. The exception was C. fumago ATCC 16373 which is most productive when grown in fructose/salts or fructose/malt extract (Pickard, 198 1) . Five isolates of taxonomically related capnodiaceous fungi (Hughes, 1976) , Scorias spongiosa, Cijerrioxyphium chaetomorphum, and three isolates of Polj*chaeton sp., ten Aspergillus terreus strains, and Absidia spinosa, were examined for enzyme * Rz (Reinheitszahl), the ratio of absorbance at 403 nm (due to haem) to that at 280 nm (due to protein), is used as a measure of purity for haemoproteins. The Rz of pure chloroperoxidase is 1.44 (Hollenberg & Hager, 1978) .
production. All these organisms grew well in the four media, producing from 5 to 50 g wet weight of mycelium from a litre of medium. However, no chloroperoxidase activity was detected in either the growth medium, broken cell suspensions, or the cell-free extracts. Thus the production of chloroperoxidase appears to be restricted to a group of closely related fungal strains of the genus Caldariomyces. None of the other capnodiaceous fungi produced the enzyme nor did the organisms used in the early survey of fungal chlorine metabolism by Raistrick (Clutterbuck et af., 1940) . The enzyme activities produced by the ten Caldariomyces cultures all fell into the range 100-300 units ml-when the fungi were grown on the fructose/phytone medium, with seven cultures in the 100-150 range. These data indicate a relatively high and constant capacity for enzyme production by all producing cultures.
Preparation and purijication of chloroperoxidase The ten enzyme-producing cultures were grown in batches of from 4 to 10 1, depending on the efficiency of chloroperoxidase recovery from the culture medium. Caldariomyces fumago strains ATCC 16373 and CMI 89362 were grown in fructose/salts medium while the remaining eight cultures were grown in the fructose/phytone medium. After a single passage of the ethanolprecipitated culture medium concentrates through a DEAE-cellulose column, all preparations Chloroperoxidases from Caldariomyces had a purity index (Rz) of 1.0 or greater (Table 2) . However, when these preparations were analysed by PAGE and stained for protein, several of the samples smeared. These samples were also more viscous than those which migrated without smearing. The viscous samples were found to have carbohydrate contents considerably above the 30% reported for the crystalline glycoprotein . To remove this presumably non-covalently bound carbohydrate, small portions were submitted to gel exclusion chromatography. Initially Sephadex G-75 Superfine was used, to take advantage of the narrow elution zones, but the oxidative properties of this enzyme caused extensive breakdown of the gel matrix, requiring a change to the more stable acrylamide-based BioGel P-60. In almost all cases some polysaccharide material was eluted from the column in advance of the enzyme peak, resulting in a lower carbohydrate content of the enzyme preparations and an improvement (increase) in the Rz (Table 2) . Reapplication of these pooled, enzymically active, fractions to a second BioGel P-60 column resulted in a symmetrical elution profile with the individual fractions exhibiting a constant carbohydrate/protein ratio. Unfortunately only small samples, 2-3 % of the column volume, could be treated in this way because of the similar hydrodynamic properties of the enzyme and the contaminating polysaccharide. These partly purified preparations were found to contain between 13% and 47% carbohydrate (Table 2) .
Spectral properties of the enzyme preparations The absorption spectra of the ten preparations are shown in Fig. 1 . Equivalent enzyme concentrations were prepared in 0-1 M-phosphate buffer pH 5 and the spectra recorded between 350 and 700nm, using the offset to separate the curves. No detectable differences could be observed between any of the preparations : absorption maxima typical of chloroperoxidase were recorded at 403, 515, 540 and 650 nm .
Analysis of chloroperoxidase preparations by PAGE Under denaturing conditions, SDS-PAGE revealed only minor differences between the ten preparations (Fig. 2) . Two major bands were visible in eight of the ten samples, when stained for protein (Fig. 2a) . The samples from Leptoxyphium sp. DAOM 138163 (well l), and Lpptoxyphium sp. DAOM 165359 (well 2) did not resolve clearly into two bands, but with oblique lighting under the gel two areas of staining could be seen. A duplicate gel stained for carbohydrate by the periodic acid-Schiff reagent (Fig. 2 b) produced an almost identical staining pattern to the protein-stained gel, indicating that the two major enzyme forms produced by each organism are glycoproteins. Minor bands migrating ahead of the doublet in wells 5 and 6 appeared to be contaminating protein as they were absent from the periodic acid-Schiff-stained gel. These two bands are believed to correspond to the chloroperoxidase isoenzymes A and B described by Sae & Cunningham (1979) and Pickard & Hashimoto (1982) . Sae & Cunningham (1979) estimated the molecular weight of the isoenzymes by gel filtration to be 46000 (A) and 40000 (B). Our estimate of apparent molecular weights on gels using marker proteins gave values that were 30% higher than expected; however, SDS-PAGE is known to be unreliable for determining the molecular weights of glycoproteins (Segrest & Jackson, 1972; Sharon & Lis, 1982) .
Under non-denaturing conditions, at pH 3, a significantly different pattern of protein bands was observed (Fig. 3a) . Almost all of these bands were demonstrated to be catalytically active when a duplicate gel was stained for peroxidase activity by the tetramethylbenzidine method (Thomas et af., 1976) (Fig. 36) . The preparations in wells 5, 6 and 7 contained a minor, more mobile species with no enzyme activity. On the basis of these gel patterns there appeared to be at least two groups of enzymes: the multiple (four to six) bands of the Leptoxyphium sp. DAOM 166438 (well 3) and C.fumago ATCC 11925 (well 8) constituted one group and the other eight preparations, with two major and one or two minor bands, constituted the other.
Substrate specifcity and eSfect of pH
Chloroperoxidase is known to exhibit a broad specificity towards its non-halogen substrates and can catalyse peroxidase and catalase reactions as well as halogenations (Thomas et af., 1970; Hollenberg & Hager, 1978; Araiso et al., 1981) . To compare the similarity of the ten preparations, peroxidase and catalase activities were determined, and these are presented in Table 3 as percentages of the chlorinating activity. All the preparations catalysed all three reactions and to similar levels. Catalase activity was always lower than chlorinating activity : in most cases in the range 80-90% but as low as 50-55% in three samples. Peroxidase activity was much lower, ranging from 2% to 5% of the chlorination activity.
The pH optimum for the peroxidase assay has been reported to range from 4 to 7 depending on the substrate (Hollenberg & Hager, 1978) but in our hands peroxidase activity dropped by 77% when the pH was raised from 3 to 4. Thus, for all three catalytic assays, reaction mixtures were maintained at pH 3. The pH-activity profile was recorded over the pH range 2.6 to 3-6 for all preparations before and after the gel filtration stage of purification. All preparations showed minor differences in their pH-activity profiles and while removal of extraneous polysaccharide changed the shape of some of these profiles, this effect was not consistent among samples. At the substrate concentrations used the pH optimum was 3.0.
Apart from minor variations in the pH-activity curves, we detected no differences in catalytic properties among the enzyme preparations. While kinetic parameters for substrates have not been determined for ail the preparations, those which have been studied fall within the ranges described for the enzyme from C.fumago Ag92 (= CMI 89362) . From these data it appears that the enzymes formed by the ten fungi studied are catalytically indistinguishable but contain variable amounts of polysaccharide, resulting in the formation of different patterns of isoenzymes : examples of glycoprotein 'microheterogeneity' (Cunningham, 1 97 1). 
